Abstract ABCA1 plays a major role in HDL metabolism. Cholesterol secretion by ABCA1 is dependent on the presence of extracellular acceptors, such as lipid-free apolipoprotein A-I (apoA-I). However, the importance of the direct interaction between apoA-I and ABCA1 in HDL formation remains unclear. In contrast, ABCB4 mediates the secretion of phospholipids and cholesterol in the presence of sodium taurocholate (NaTC) but not in the presence of apoA-I. In this study, we analyzed apoA-I binding and NaTC-dependent lipid efflux by ABCA1. ABCA1 mediated the efflux of cholesterol and phospholipids in the presence of NaTC as well as in the presence of apoA-I in an ATP-dependent manner. The Tangier disease mutation W590S, which resides in the extracellular domain and impairs apoA-I-dependent lipid efflux, greatly decreased NaTC-dependent cholesterol and phospholipid efflux. However, the W590S mutation did not impair apoA-I binding and, conversely, retarded the dissociation of apoA-I from ABCA1. These results suggest that the W590S mutation impairs ATP-dependent lipid translocation and that lipid translocation or possibly lipid loading, facilitates apoA-I dissociation from ABCA1. NaTC is a good tool for analyzing ABCA1-mediated lipid efflux and allows dissection of the steps of HDL formation by ABCA1.-
Maintenance of cellular cholesterol homeostasis is important for normal human physiology; its disruption can lead to a variety of pathological conditions, including cardiovascular disease (1) . ABCA1, a key protein in cholesterol homeostasis, mediates the secretion of cellular-free cholesterol and phospholipids to an extracellular acceptor, apolipoprotein A-I (apoA-I), to form HDL (2, 3) . HDL formation is the only known pathway for the elimination of excess cholesterol from peripheral cells. Defects in ABCA1 cause Tangier disease (4) (5) (6) , in which patients have a nearabsence of circulating HDL, prominent cholesterol-ester accumulation in tissue macrophages, and premature atherosclerotic vascular disease (1, 7) .
Cholesterol secretion by ABCA1 is strongly dependent on the presence of extracellular acceptors, such as lipidfree apoA-I. Although a direct interaction between ABCA1 and apoA-I has been shown by several groups via cross-linking experiments (8) (9) (10) (11) (12) , the importance of this interaction in HDL formation remains unclear. It was reported that only a portion of the apoA-I associated with the cell surface binds directly to ABCA1 (12, 13) . It was also proposed that ABCA1 generates a high curvature phospholipid-rich apoA-I binding site on the plasma membrane and that apoA-I binds this site and solubilizes membrane phospholipid and cholesterol (14) . Indeed, ABCA1 makes cholesterol available to exogenous cholesterol oxidase and methyl-b-cyclodexitrin (MbCD), even in the absence of apoA-I (15) (16) (17) . However, it remains unclear whether ABCA1 translocates phosphatidylcholine (PC), together with cholesterol, in the membrane in the absence of apoA-I, although purified ABCA1 reconstituted into PC liposomes shows robust ATPase activity (18) . In fact, it has been reported that ABCA1 expression increased the Triton X-100 solubility of cholesterol and sphingomyelin but not that of PC (15) .
Human ABCB4 (multidrug resistance 3 P-glycoprotein) is expressed in the canalicular membrane of hepatocytes. ABCB4 is required for PC secretion into bile and for PC translocation across the plasma membrane. We previously showed that ABCB4 mediates the secretion of phospholipids (preferentially PC) and cholesterol in the presence of sodium taurocholate (NaTC) in the medium (19) . However, ABCB4 cannot mediate the efflux of phospholipids and cholesterol in the presence of apoA-I (see supplementary Fig. I ). The related ABCB1 (multidrug resistance 1) cannot mediate the efflux of phospholipids or cholesterol in the presence of NaTC (19) , although it is 75.8% identical and 86.6% similar to ABCB4 in amino acid sequence. Thus, ABCA1 and ABCB4 mediate cholesterol and PC efflux to different extracellular acceptors, apoA-I and NaTC, respectively. However, it has not been determined whether ABCA1 mediates the efflux of cholesterol and PC in the presence of NaTC.
In this study, we demonstrate that ABCA1 mediates the efflux of cholesterol and phospholipids in the presence of NaTC as well as apoA-I, a physiological acceptor. This allowed us to analyze the role of apoA-I in HDL formation in detail.
MATERIALS AND METHODS

Materials
Mouse anti-ABCA1 monoclonal antibody KM3110 was generated against the C-terminal 20 amino acids of ABCA1 (20) . Anti-green fluorescent protein (GFP) antibody was purchased from Santa Cruz Biotechnology. NaTC was obtained from Wako Pure Chemicals. TO901317 was purchased from Cayman Chemical. Recombinant apoA-I and Alexa546-conjugated apoA-I were prepared as reported previously (21) . Other chemicals were purchased from Sigma-Aldrich, Amersham Biosciences, Wako Pure Chemical Industries, and Nacalai Tesque.
Cell culture
Human embryonic kidney (HEK293) cells and WI-38 fibroblasts were grown in a humidified incubator (5% CO 2 ) at 37°C in DMEM supplemented with 10% heat-inactivated FBS.
Plasmids
The expression vectors for wild-type ABCA1, ABCA1-W590S, and ABCA1-K939M,K1952M (MM), fused to GFP at their C termini, were generated as described previously (3, 18) .
Establishment of a stable transformant of ABCA1
HEK293 cells were transfected with each expression vector using LipofectAMINE (Invitrogen) according to the manufacturerʼs instructions. Cells were selected with G418, and single colonies were isolated.
Western blotting
Cells were washed with PBS and lysed in lysis buffer A (20 mM Tris-Cl, pH 7.5, 1 mM EDTA, 10% glycerol, and 1% Triton X-100) containing protease inhibitors, 100 mg/ml (p-amidinophenyl) methanesulfonyl fluoride, 10 mg/ml leupeptin, and 2 mg/ml aprotinin. Samples were electrophoresed on SDS-polyacrylamide gels, blotted, and probed with the indicated antibodies.
Cellular lipid release assay
Cells were subcultured in poly-L-lysine-coated six-well plates at a density of 8 3 10 5 cells in DMEM containing 10% FBS. After 24 h incubation, cells were washed twice with DMEM, and the medium was changed to DMEM containing 0.02% BSA and indicated concentrations of NaTC or recombinant apoA-I. The cholesterol and choline phospholipid content in the medium was determined after 24 h incubation using colorimetric enzyme assays as described previously (22) .
Biotinylation of cell surface proteins
Cell monolayers were kept on ice for 10 min. Cells were washed with ice-cold PBS1 (PBS containing 0.1 mg/ml CaCl 2 and MgCl 2 6H 2 O) and incubated with 0.5 mg/ml sulfo-N-hydroxysuccinimidobiotin (sulfo-NHS-biotin) solubilized in PBS1 for 30 min on ice in the dark. Cells were washed with PBS1 to remove unbound sulfo-NHS-biotin and lysed in lysis buffer B (20 mM Tris-Cl, pH 7.5, 1% Triton X-100, 0.1% SDS, and 1% sodium deoxycholate) containing protease inhibitors. Immobilized monomeric avidin gel (Pierce) was added to the cell lysate to precipitate biotinylated proteins, which were electrophoresed on a 7% SDS-polyacrylamide gel and immunodetected. Western blots were analyzed using a Fujifilm LAS-3000 imaging system.
Cell viability assay
Cell viability was estimated by measuring the lactate dehydrogenase activity in the media and total cells using a Cyto Tox 96 NonRadioactive Cytotoxicity Assay Kit purchased from Promega.
ApoA-I binding assay
Cells grown on collagen-coated coverslips were incubated with DMEM containing 0.02% BSA and Alexa546-conjugated apoA-I (5 mg/ml) for indicated periods at 27 or 37°C. Cells were then washed, fixed with 4% paraformaldehyde at room temperature for 30 min, and observed with a confocal microscope (LSM 510; Carl Zeiss). The relative amounts of bound apoA-I and the expression levels of ABCA1-GFP were calculated using ImageJ 1.40 software from images of .200 cells. The relative amounts of bound apoA-I were calculated by subtracting the value of bound-apoA-I to HEK293 cells or HEK/ABCA1-MM cells and normalized to the intensity of GFP fluorescence.
ApoA-I dissociation assay
Cells grown on collagen-coated coverslips were incubated with DMEM containing 0.02% BSA and Alexa546-conjugated apoA-I (5 mg/ml) for 15 min at 37°C. The medium was changed to DMEM containing 0.02% BSA and 25 mg/ml unlabeled apoA-I. After incubation for indicated periods at 27°C, cells were fixed and observed with a confocal microscope. The relative amounts of bound apoA-I were calculated as above.
Statistical analysis
Values are presented as means 6 SEM. The statistical significance of differences between mean values was analyzed using the nonpaired t-test. Multiple comparisons were performed using the Dunnet test following ANOVA. A value of P , 0.05 was considered statistically significant.
RESULTS
Cholesterol and phospholipid secretion from HEK/ ABCA1 cells in the presence of NaTC
We reported (19) that the efflux of phospholipids from HEK/ABCB4 cells was increased by the addition of NaTC to the medium, and we proposed that NaTC monomers function as acceptors for PC. These results also suggested that NaTC may function as an acceptor for lipids translocated by ABC proteins. Thus, we examined whether NaTC can function as an acceptor for lipids translocated by ABCA1. Indeed, the efflux of cholesterol from HEK/ ABCA1-GFP cells was increased by the addition of 1 mM NaTC (Fig. 1A , closed bar), compared with efflux measured in the presence of 0.02% BSA (open bar). In addition, phospholipid efflux from HEK/ABCA1-GFP cells was enhanced in the presence of NaTC (Fig. 1B) .
Next, cholesterol and phospholipid content in the medium of HEK/ABCA1-GFP cells treated with NaTC (1 mM) or apoA-I (5 and 10 mg/ml) were compared. ApoA-I-dependent lipid efflux mediated by ABCA1 increased with increasing concentration of apoA-I from 5 to 10 mg/ml and was nearly saturated at 10 mg/ml (data not shown). In the presence of 1 mM NaTC, cholesterol was secreted from HEK/ABCA1-GFP cells more efficiently than in the presence of 5 mg/ml apoA-I, but less efficiently than in the presence of 10 mg/ ml apoA-I. Phospholipid was secreted slightly less efficiently by 1 mM NaTC than by 5 mg/ml apoA-I. These results suggest that 1 mM NaTC is as efficient an acceptor as the physiological lipid acceptor apoA-I and that cholesterol is transferred to NaTC by ABCA1 more efficiently than phospholipids.
NaTC-dependent efflux of phospholipids and cholesterol was not observed in HEK293 cells expressing ABCA1-MM, a mutant in which the Walker A lysines in both nucleotide binding domains are substituted by methionines, although the expression level (Fig. 1C ) and surface expression (see supplementary Fig. II ) of the mutant were comparable to the wild-type protein. These results suggest that the NaTCdependent efflux of cholesterol and phospholipids is mediated by ABCA1 in an ATP-dependent manner and that both physiological acceptors, such as apoA-I and apolipoprotein E, and artificial acceptors, such as synthetic amphiphilic helical peptides (23, 24) and NaTC, can serve as receptors for cholesterol and phospholipids translocated by ABCA1.
NaTC concentration dependence of cholesterol and phospholipid secretion by ABCA1
The dependence of lipid secretion from HEK/ABCA1-GFP cells on NaTC concentration was examined. The secretion of cholesterol and phospholipids from HEK/ ABCA1-GFP cells increased with increasing concentrations of NaTC and showed concentration dependence from 0.25 to 1 mM NaTC ( Fig. 2A, B) . The secretion of cholesterol and phospholipid from HEK/ABCA1-GFP cells increased 8.4-and 8.9-fold, respectively, with 1 mM NaTC treatment, while no increase in lipid secretion was observed from HEK293/ABCA1-MM-GFP cells or HEK293 host cells. Time-dependent efflux of cholesterol and phospholipids was observed in the presence of 1 mM NaTC as well as 5 mg/ml apoA-I (see supplementary Fig. III) . Incubation with 1 mM NaTC for 24 h did not significantly affect the viability of HEK293 or HEK/ABCA1-GFP cells, as estimated by lactate dehydrogenase release (see supplementary Fig. IV) .
We examined whether the cholesterol secretion from HEK/ABCA1-GFP cells was directly mediated by ABCA1. Because the medium of HEK/ABCA1-GFP cells contained about 2 mM PC after 24 h incubation in the presence of 1 mM NaTC, we examined whether cholesterol was extracted from HEK293 host cells in the presence of 1 mM NaTC and 2 mM PC. However, no significant increase in cholesterol secretion was observed compared with the secretion in the absence of NaTC and PC (see supplementary Fig. V) .
NaTC-dependent lipid efflux from WI-38 cells mediated by endogenous ABCA1
To confirm that NaTC, like apoA-I, can serve as an acceptor for cholesterol and phospholipids translocated by endogenous ABCA1, lipid efflux from WI-38 fibroblast cells was examined. Western blot analysis showed that ABCA1 is weakly expressed in WI-38 cell cultured under normal conditions, and its expression can be greatly induced by the addition of TO901317, a liver X receptor agonist, and 9 cis-retinoic acid (RA), a retinoid X receptor agonist (Fig. 3A) .
Treatment with TO901317 and RA enhanced cholesterol and phospholipid efflux in the presence of NaTC as well as apoA-I (Fig. 3B, C) . Cholesterol and phospholipid efflux was much higher in the presence of apoA-I compared with the presence of NaTC without induction of ABCA1 expression. Although it remained unclear why lipid efflux significantly occurred from WI-38 in an apoA-I-dependent manner without induction of ABCA1 expression as reported (25) , NaTC-dependent lipid efflux was dependent on the amount of ABCA1. These results suggest that NaTC can serve as an acceptor for cholesterol and phospholipids translocated by endogenous ABCA1.
The W590S Tangier mutation impairs NaTC-dependent lipid efflux but not apoA-I binding It has been reported that ABCA1 carrying the Tangier disease mutation W590S in the first extra cellular domain is correctly targeted to the plasma membrane and interacts with apoA-I but fails to mediate normal apoA-I-dependent lipid efflux (3, (26) (27) (28) . We compared NaTC-dependent lipid efflux from HEK293 cells stably expressing wild-type or ABCA1-W590S fused to GFP at the C terminus. Western blotting (Fig. 4A) and fluorescence microscopy (see supplementary Fig. II) suggested that the expression and surface localization of the wild type and ABCA1-W590S were similar.
Both NaTC-dependent and apoA-I-dependent cholesterol and phospholipid efflux were greatly decreased by the W590S mutation (Fig. 4B, C) . As previously reported, apoA-I bound to the cell surface expressing ABCA1-W590S as efficiently as to that expressing wild-type ABCA1 (see supplementary Fig. II) . Because apoA-I did not bind to cells expressing ABCA1-MM, apoA-I binding may be an ATPdependent process. These results suggest that apoA-I binding to the cell surface and lipid translocation, both of which Fig. 3 . NaTC-dependent lipid efflux by endogenous ABCA1. A: WI-38 cells were treated with TO901317 and RA for 24 h to induce the expression of ABCA1. Cell lysates (2.5 mg of protein) were separated by 7% polyacrylamide gel electrophoresis, and ABCA1 was analyzed with anti-ABCA1 antibody KM3110. The amount of vinculin was analyzed as a loading control. The efflux of cellular free cholesterol (B) and choline phospholipids (C) was analyzed. Cells were incubated for 8 h in DMEM containing 0.02% BSA (open bars), 0.02% BSA and 1 mM NaTC (filled bars), or 0.02% BSA and 5 mg/ml apoA-I (hatched bars). Experiments were performed in triplicate, and the average values are represented with the SEM. *P , 0.05, **P , 0.001, significantly different from the value in the presence of BSA. are mediated by ABCA1 in an ATP-dependent manner, are in fact separable and that the W590S mutation impairs only the latter step.
Kinetics of apoA-I binding to ABCA1-expressing cells
To further analyze apoA-I binding mediated by ABCA1, the time-dependence of apoA-I binding and dissociation was analyzed by fluorescence microscopy. Binding of Alexa546-conjugated apoA-I to ABCA1-expressing cells was saturated within 10 min and apoA-I dissociated from cells within 1 min at 37°C (data not shown); these were too fast to analyze. Therefore, we performed apoA-I binding and dissociation experiments at 27°C. ApoA-I-dependent cholesterol secretion from HEK/ABCA1-GFP cells occurred even at 27°C, although the efficiency was ?80% of that at 37°C (see supplementary Fig. VI) . The W590S mutation also impaired cholesterol secretion at 27°C.
When analyzed at 27°C, the amount of apoA-I bound to cells expressing wild-type ABCA1 increased gradually in a time-dependent manner ( Fig. 5; see supplementary  Fig. VII) . The half-saturation time was estimated to be ?15 min at 27°C, slower than at 37°C. The kinetics of apoA-I binding to cells expressing ABCA1-W590S was quite similar to that to cells expressing wild-type ABCA1.
After removing free apoA-I in the medium, .60% of apoA-I dissociated from cells expressing wild-type ABCA1 in 2 min at 27°C (Fig. 6; see supplementary Fig. VIII) . In contrast, ,40% of apoA-I dissociated from cells expressing ABCA1-W590S in 2 min, and ?60% of apoA-I dissociated in 4 min. These results suggest that the W590S mutation retards apoA-I dissociation from cells.
NaTC increases ABCA1 on the plasma membrane
It has been reported that apoA-I suppresses degradation of ABCA1 protein and increases the amount of ABCA1 on the plasma membrane (29, 30) . We examined whether NaTC, like apoA-I, increases ABCA1 on the plasma membrane. Biotinylation experiments showed that the amount of ABCA1 on the cell surface increased when cells were cultured for 12 h in the presence of 1 mM NaTC as well as in the presence of 5 mg/ml apoA-I (Fig. 7) . These results suggested that degradation of ABCA1 is suppressed when cholesterol and phospholipids are extracted by extracellular acceptors.
DISCUSSION
Cholesterol secretion by ABCA1 is dependent on the presence of extracellular acceptors, such as lipid-free apoA-I. However, the mechanisms by which HDL formation is dependent on apoA-I remain unclear. Here, we showed that NaTC can also serve as an acceptor for cholesterol and phospholipids translocated by ABCA1. NaTC (1 mM) was as efficient an acceptor as physiological concentrations of apoA-I. Because it is unlikely that the plasma concentration of NaTC reaches 1 mM, NaTC-dependent efflux of cholesterol and phospholipids mediated by ABCA1 is not physiologically relevant. However, this system allowed us to analyze the role of apoA-I and dissect the steps in HDL formation.
MbCD has been reported to extract more cholesterol from cells expressing ABCA1, and it has been proposed that ABCA1 generates special domains on the plasma membrane, from which MbCD and apoA-I extract lipids (15, 16) . However, because MbCD significantly extracts cholesterol from cells that do not express ABCA1 (15) and because MbCD does not extract phospholipids from the membrane (31), it is not the lipid acceptor for ABCA1, which mimics apoA-I, in the real sense of the term. In contrast, NaTC extracts both cholesterol and PC as efficiently as apoA-I from cells expressing ABCA1 and does not extract lipids from HEK293 host cells. Interestingly, significant cholesterol efflux from WI-38 cells was observed without induction of ABCA1 expression in the presence of apoA-I, while NaTC-dependent lipid efflux was strongly dependent on ABCA1 levels (Fig. 3) . There may be other proteins (32, 33) in WI-38 cells that mediate cholesterol efflux in the presence of apoA-I. Alternatively, binding of significant amounts of apoA-I on the cell surface may cause spontaneous cholesterol loading on apoA-I. Indeed, greater cholesterol efflux was observed in the presence of apoA-I from cells expressing ABCA1-W590S, which allows apoA-I binding, than in the presence of NaTC, and this effect was strongly suppressed at 27°C (Fig. 4; see supplementary Fig. VI) . These results indicate that NaTC is a good tool for analyzing ABCA1-mediated lipid translocation.
NaTC and other bile salts function as physiological acceptors for lipids secreted by ABCB4 (19) , and PC secretion by ABCB4 is prerequisite for bile formation (34) . ABCB1 and ABCB4 are predicted to contain very short extracellular loops, which are thought not to form specific binding sites for acceptors. Indeed, ABCB4 does not mediate the efflux of phospholipids and cholesterol in the presence of apoA-I (see supplementary Fig. I ), and ABCB1 functions as a multidrug transporter in an acceptor-independent manner. It was reported that synthetic amphiphilic helical peptides serve as lipid acceptors as efficiently as apoA-I and that there is no sequence or stereoselective interaction with ABCA1 in the lipid release process (23, 24) . NaTC, as well as amphiphilic helical peptides, may therefore extract PC and cholesterol translocated by ABCA1 and ABCB4 without specific interactions with the proteins.
The Tangier mutation W590S, which impairs apoA-Idependent lipid efflux, greatly decreased NaTC-dependent cholesterol and phospholipid efflux. It has been reported that ABCA1-W590S interacts in a normal manner with ATP (3). The W590S mutation may abolish the coupling of ATP-induced conformational changes of ABCA1 with lipid translocation. The kinetics of apoA-I binding to cells expressing ABCA1-W590S were similar to those of binding to cells expressing wild-type ABCA1, consistent with a previous report showing that the W590S mutation does not impair apoA-I binding (8, (26) (27) (28) . Thus, the W590S mutation would not affect the conformational changes of ABCA1 Fig. 7 . NaTC increases ABCA1 on the plasma membrane. A: HEK/ ABCA1-GFP cells were incubated in the presence of 0.02% BSA, 0.02% BSA and 1 mM NaTC, or 0.02% BSA and 5 mg/ml apoA-I for 12 h. Cells were then treated with sulfo-NHS-biotin, and cell lysates were prepared. Biotinylated cell surface proteins were precipitated with avidin-agarose from 150 mg of cell lysates. Cell lysates (15 mg of protein) and precipitated surface proteins were separated, and ABCA1-GFP and vinculin (loading control) were detected with indicated antibodies. B: Western blots were analyzed using a Fujifilm LAS-3000 imaging system. Experiments were performed in triplicate, and the average values are represented with the SEM. Fig. 6 . Time-dependent apoA-I dissociation from cells expressing ABCA1 or ABCA1-W590S. HEK/ABCA1-GFP and HEK/ABCA1-W590S-GFP cells were incubated with 5 mg/ml Alexa546-labeled apoA-I for 15 min at 37°C and further incubated with 25 mg/ml nonlabeled apoA-I for the indicated times at 27°C. The relative amount of bound apoA-I was calculated as described in Materials and Methods with respect to the amount of apoA-I bound to cells expressing wild-type ABCA1 at time 0. *P , 0.05, **P , 0.001, significantly different from the relative amount of apoA-I bound to HEK/ABCA1-GFP cells at each time point.
required for apoA-I binding but would affect the lipid translocation process.
The W590S mutation retarded the dissociation of apoA-I from ABCA1. This mutation may impair the transition to the conformation required for apoA-I release. Alternatively, lipid translocation by ABCA1 may facilitate dissociation of apoA-I from ABCA1. ApoA-I is reported to undergo a conformational transition in response to lipid (35) , and lipidated apoA-I was reported not to interact with ABCA1 (11, 36) . We assume that the conformational transition caused by lipid loading by ABCA1 facilitates the dissociation of apoA-I from ABCA1.
It has been reported that apoA-I stabilizes ABCA1 by preventing calpain-mediated degradation of ABCA1 and increases cell surface ABCA1 (29, 30, 37) . The synthetic amphiphilic helical peptides that promoted ABCA1-dependent lipid efflux also stabilized ABCA1 (23, 24) . In this study, we showed that NaTC stabilizes ABCA1 on the plasma membrane. In addition, ABCA1-W590S was reported not to be stabilized by apoA-I (29). These results suggest that removal of cellular cholesterol and phospholipids by apoA-I and NaTC stabilizes ABCA1, and direct interaction between ABCA1 and apoA-I may not be essential for stabilization of ABCA1.
In this study, we showed that NaTC is a good tool for analyzing ABCA1-mediated lipid efflux, and this system allowed us to dissect the steps of HDL formation by ABCA1. Our results suggest that the W590S mutation impaired NaTC-dependent lipid efflux but not apoA-I binding. Conversely, this mutation retarded the dissociation of apoA-I from ABCA1. These results suggest that the W590S mutation impairs ATP-dependent lipid translocation and that lipid translocation or possibly lipid loading facilitates apoA-I dissociation from ABCA1.
